Introduction
Recent research on sensor manufacturing focuses on making disposable, low cost, and flexible sensing elements. Among many analytical methodologies for precise biochemical monitoring, the electrochemical methods are preferred because of high sensitivity, fast responses, and low cost. [1] [2] [3] To transform chemical information into electric signals, one needs the assembly of many biosensors that involves amperometric configuration with oxidase enzymes. [2] [3] [4] [5] [6] [7] These enzymes oxidize specific substrates and then return into their original state by transferring electrons to molecular oxygen. Thus, in many oxidase-based sensors, hydrogen peroxide (H2O2) is produced as a side product, and the production rate of H2O2 can provide information about initial concentrations of the enzyme substrates. [2] [3] [4] [6] [7] [8] [9] [10] Direct electrochemical detection for H2O2 oxidation, however, needs an electric potential of around 0.7 V versus Ag/AgCl, at which many other substances in real samples, such as uric acid and ascorbic acid, could also be oxidized. Such a process results in large interfering signals. 3, 6, 10 To reduce the large overpotential, Prussian blue (ferric hexacyanoferrate, or PB) has been found to be a great mediating agent for H2O2 detection in bio-oxidation, because of its great catalytic activity at low electric voltage toward H2O2. 3, 4, 6, 7, 11, 12 The decrease in applied voltages, with avoidance of interfering signals, provides a more specific and accurate detection; thus, PB-modified electrodes have been recently adopted in many amperometric measurements for H2O2. 4, 13 Regular configuration of amperometric measurements for H2O2 consists of a conductive lead connected to a surfacemodified electrode, on which a PB layer is deposited. Various methods, such as spontaneous chemical reactions, 11, 12, 14, 15 potential cycling method 4, 7 and galvanostatic method, 8, 9, [16] [17] [18] [19] [20] [21] have been proposed to modify electrode surfaces. The detection limit of the PB-modified electrodes can be as low as 10 -8 M with a wide linear range of up to 10 -2 M. 13 Although electrode surfaces after electrochemical treatment can be fairly sensitive, these processes can be time consuming and usually operate batchwise. Therefore, we tried to develop a simple, efficient, and physical surface modification by inkjet printing to produce sensing elements of great quality with low cost. One of the popular methods for making the flexible electronic parts is inkjet printing. 22, 23 Due to its ability to accurately deliver specific amounts of liquid on specific sites, inkjet printing has been identified as a great manufacturing tool. Direct deposit of chemicals by inkjet printing techniques has been shown to be a simple and low cost route for sensor manufacture. [24] [25] [26] [27] [28] [29] In this work, we report an inkjet printing process to fabricate sensing devices for H2O2. This new process is capable of delivering accurate amounts of PB particles on flexible substrates at a fast speed. Electrochemical behaviors of the printed sensors were then studied with cyclic voltammetry and chronoamperometry. The inkjet-printed PB thin film showed comparable performance to those of disposable sensors in the literature.
Experimental

Ink preparation
Insoluble Prussian blue (PB) particles (Sigma-Aldrich) were added to ethanol (Sigma-Aldrich, HPLC grade) at 1:10 weight ratio. The solution was shaken vigorously and deionized water was then added to the PB/ethanol solution at 2:1 weight ratio. Next, the PB suspension was sonicated for 1 h. To avoid nozzle clogging and to increase suspension stability, we centrifuged the ink at 3500 rpm for 60 min to remove large particles in the PB ink. The resulting PB ink had an average particle size of about An inkjet printing method is described to fabricate hydrogen peroxide (H2O2) sensors. Insoluble Prussian blue (PB) nanoparticles were dispersed in aqueous solvent, and were printed on screen printed carbon electrodes with a piezoelectric inkjet printer for H2O2 detection. The electrochemical behavior of the printed sensors was studied by using cyclic voltammetry and chronoamperometry. The printed sensors showed great electrocatalytic activity toward H2O2 and can be used for amperometric detection of H2O2. The calibration curves for H2O2 determination showed a linear range from 0.02 to 0.7 mM with a sensitivity of 164.82 μA M -1 cm -2 for the printed PB film. The results showed the feasibility of applying inkjet printing technology on surface modification; the results also provide an alternative way for manufacturing electrochemical sensors. 100 nm, as determined by dynamic light scattering (Nano-ZS, Malvern, Worcestershire, UK). This ink showed no precipitates over more than a one-month period. The solid fraction of the PB ink was determined to be 2.5 wt% by evaporating solvents. The viscosity and surface tension of the prepared PB ink at room temperature are 2.5 cp and 31 mN/m, respectively. The ink showed a contact angle of ~20 degree on the carbon paste electrode at 25 C.
Carbon paste electrode preparation
Carbon paste (Acheson-Henkel, Perak, Malaysia) was screen printed onto a flexible poly(ethylene terephthalate) (PET) film (Universal Film, Japan). The screen printed carbon electrode (SPCE) has a working diameter of 6 mm with a connection conductive stripe of 3 × 30 mm. The SPCE was then baked at 70 C in a vacuum oven for 30 min to remove unwanted organic solvent residue; then the sheet resistance of cured electrodes was about 30 Ω/sq.
Surface modification by inkjet deposition
A piezoelectric printer (JetLab 4, MicroFab, Plano, TX) was used to deposit the PB ink on the screen printed carbon electrode (SPCE). The moving stage of the inkjet system provides a controllable substrate heating up to 60 C. The velocity and the diameter of PB droplets in this work were around 2.8 m/s and 80 μm, respectively. A circle of 3 mm in radius was printed with a dot spacing of 80 μm.
Electrochemical measurements
Electrochemical experiments were performed with a potentiostat/galvanostat (Reference 3000, Gamry, Warminster, PA) to investigate electrochemical behaviors of the electrodes. The electrochemical cell was set up with a three-electrode system: Prussian blue modified served as the working electrode, Pt wire was used as counter electrode and an Ag/AgCl/3 M NaCl was used as reference electrode. The potential of cyclic voltammetry swept from 0.6 to -0.2 V, and the data were recorded with a personal computer. Amperometric responses of sequential additions of H2O2 were carried out in PBS solution (pH 6.6) with 0.5 M KCl.
Microstructure characterization
Microstructures of printed samples were examined by scanning electron microscopy (Nova NanoSEM 230). Infrared spectra of printed samples were obtained by a PerkinElmer spectrometer (Spectrum 100) with an attenuated total reflectance (ATR) accessary.
Results and Discussion
Effects of printing parameters on thin film deposition
The PB ink droplets were fairly stable during the whole printing process (Fig. 1) . PB droplets after impact on SPCE showed dried dots of 100 μm diameter, which determines the printing resolution. To create uniform thin liquid films, a dot-to-dot spacing of 80 μm or less was experimentally determined to create continuous printing features, such as a straight line, a square, or a circle, with smooth edges.
Drying conditions also affect the uniformity of the printed thin films. Figure 2 shows pictures of PB-modified carbon paste electrodes. A circular pattern was printed onto each SPCE surface with a dot spacing of 80 μm. The as-printed PB thin film is a visually uniform thin liquid film. After drying at room temperature for 10 min, the dried printed electrode showed irregular particle aggregations (Fig. 2(a) ). These aggregations are mostly caused by the high surface tension forces at room temperature. 30, 31 To avoid such phenomena, substrate heating has been reported to reduce particle aggregation at the drying phase. 32 Thus, the SPCE was slightly heated to 40 C to increase droplet evaporation rate so that PB ink dots can dry faster. The resulting PB thin films are much more uniform, as shown in Fig. 2(b) . Although both uniform and non-uniform inkjet-printed thin films can give strong electrochemical signals for H2O2 detection, the uniform thin films showed better reliability and consistency in our experiments. Hence, in the following sections, the PB modified SPCE's were produced by substrate heating to ensure sensor quality.
Characterization of printed PB film
The microstructures of inkjet-printed SPCE were examined by scanning electron microscopy. The cured carbon electrode has a rough flaky surface (Fig. 3(a) ). After ink deposition, the PB-modified electrodes were further cured at a temperature of 100 C for 1 h to evaporate unwanted solvents and to stabilize the PB crystalline. 4, 6, 12, 16 As depicted in Figs. 3(b) -3(d) , layers of PB particles are attached to carbon flakes and cover the rough surfaces entirely. The cured particles are around 100 nm in diameter (Fig. 3(c) ), or of the same size as those in the ink, indicating that there is no phase changes or re-crystallization of PB particles during drying or curing processes. Furthermore, the infrared spectra (not shown) from the original powder and the cured PB films on SPCE showed the same IR fingerprints, indicating that inkjet-printed PB thin films were chemically stable in the curing process. Figure 4 shows the cyclic voltammograms from a bare SPCE and a PB/SPCE in phosphate buffer solution (pH 6.6) with 0.5 M KCl. A reversible pair of redox peaks is observed for the PB/SPCE in the potential range between -0.2 and 0.6 V, and no redox peaks are observed for the bare SPCE. The redox peaks (0.18 and 0.28 V versus Ag/AgCl/3 M NaCl) represents the chemical conversion between Prussian blue and Prussian white (PW). 17 The redox reaction of the insoluble PB nanoparticles can be expressed as The formal potential (the mean value of the anodic and cathodic peaks) was found to be 0.23 V with a peak separation of 0.1 V.
Cyclic voltammetry of printed PB film
The observed peak separation may be due to the electron transfer resistance between the PB nanoparticles and the SCPE. Figure 5 shows the effects of potential scan rate ν on the peak voltage separation and peak current density of the cyclic voltammograms for the printed PB films on SPCE. The anodic and cathodic peak potentials (Epa and Epc), or the peak separation ΔEp = Epa -Epc, are almost constant when ν is lower than 50 mV s -1 , indicating an efficient charge-transfer kinetics in that range. At higher scan rates, ΔEp increases linearly with the logarithm of ν, showing a typical reversible surface redox reaction on PB-modified electrodes. 8, 15, 33 Moreover, the current density jp increases linearly with scan rate up to 50 mV s -1 (Fig. 5(c) ), indicating that the redox process is surface limited. 5,34-36 At scan rates above 50 mV s -1 , jp is linearly proportional to ν 1/2 , showing a diffusion limited process related to slow the diffusion of potassium ions into the lattice of PB nanoparticles.
Effects of film thickness
To understand the relationship between the amount of PB particles and the current density, we printed multiple layers of PB on the carbon paste electrodes. The cyclic voltammograms of printed sensors with various deposition amounts are shown in Fig. 4 . The reduction peak current of the two-layer sensor increases to -67 μA (compared to -43 μA for 1 layer) due to more PB particle deposits, i.e., more active reaction sites. However, the peak separation, or the overpotential, increases with the addition of PB layers, indicating that a thicker PB film also results in a larger electron transfer resistance. To examine the aforementioned hypothesis, Figs. 3(c) -3(d) compares SEM images of sensors with multiple layers. PB nanoparticle aggregates on SPCE are thicker and more compact as more PB layers deposit on the electrode surfaces. Therefore, the overall surface area or active sites for PB/PW catalytic reaction increase, and yield higher peak currents. The electron transfer in thicker printed PB films, however, might experience more electrical resistance due to longer paths between particles; this would result in a wider peak separation.
Catalytic reduction of hydrogen peroxide
The printed sensors show great catalytic activity towards the reduction of H2O2. The catalytic reaction of PW, produced by electrochemical reduction shown in Eq. (1) at the electrode surfaces, towards H2O2 can be described as follows: The overall reaction, considering both Eqs. (1) and (2), is
The electrocatalytic reduction of H2O2 on the printed sensors was studied with chronoamperometry. The current-time profiles for various H2O2 concentrations were recorded at a working potential of 150 mV (with respect to a Ag/AgCl/3 M NaCl electrode). Figure 6 shows the calibration curves of printed sensors to H2O2. In the experiments, three printed samples were examined independently for each measurement point. The response is linear in the concentration range of 0.02 to 0.7 mM. In spite of layer thickness, the detection limits are all 0.02 mM (S/N = 3) for all printed samples. The sensitivity of the printed sensors, however, increases from 51.12 μA M -1 cm -2 for single PB layer to 164.82 μA M -1 cm -2 for 3 PB layers. The increase in sensitivity with more PB deposition may be due to more exposed surface area of PB nanoparticles. Because the catalytic reaction of H2O2 reduction occurs mostly at active sites on the exposed PB particle surfaces, more H2O2 can be reduced with more PB particle deposit and hence would yield more net current changes at the same H2O2 concentration.
Conclusions
A general inkjet process is developed to deposit uniform PB thin films on screen printed carbon electrodes (SPCE) for hydrogen peroxide (H2O2) sensing. Heating SPCE at 40 C during the printing process can effectively increase drop evaporation rate and can create uniform thin films to ensure reproducibility of inkjet-printed sensors. Scanning electron microscopy showed that the printed PB films after curing at 100 C for 1 h still have the same particle sizes as those in the PB ink. Cyclic voltammetry of the printed sensors thus shows a well-defined redox couple for the PB/PW system. From chronoamperometric results, the printed sensors show good electrocatalytic activity for hydrogen peroxide. The sensors also show great sensitivity for accurate H2O2 determination at a reduced voltage. With multiple deposition layers, the sensitivity increases with more PB deposition, due to more reaction surface area for H2O2 reduction. These results show the feasibility of applying inkjet printing technology to surface modification and provide an alternative way to the traditional electrochemical deposition method.
